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Summary
Axonal transport is required for the elaboration and
maintenance of synaptic morphology and function [1,
2]. Liprin-s are scaffolding proteins [3] important for
synapse structure and electrophysiology [4]. A re-
ported interaction with Kinesin-3 (Kif1a) suggested
Liprin- may also be involved in axonal transport [5].
Here, at the light and ultrastructural levels, we discover
aberrant accumulations of synaptic vesicle markers
(Synaptotagmin and Synaptobrevin-GFP) and clear-
core vesicles along Drosophila Liprin-a mutant ax-
ons. Analysis of presynaptic markers reveals reduced
levels at Liprin-a synapses. Direct visualization of Syn-
aptobrevin-GFP transport in living animals demon-
strates a decrease in anterograde processivity in Lip-
rin-a mutants but also an increase in retrograde
transport initiation. Pull-down assays reveal that Lip-
rin- interacts with Drosophila Kinesin-1 (Khc) but
not dynein. Together, these findings suggest that Lip-
rin- promotes the delivery of synaptic material by a
direct increase in kinesin processivity and an indirect
suppression of dynein activation. This work is the
first to use live observation in Drosophila mutants to
demonstrate the role of a scaffolding protein in the
regulation of bidirectional transport. It suggests the
synaptic strength and morphology defects linked to
Liprin-a [4, 6] may in part be due to a failure in the
delivery of synaptic-vesicle precursors [7].
Results and Discussion
Liprin-αs are well-conserved proteins initially identified
through their association with the receptor protein tyro-
sine phosphatase LAR [8]. In vertebrates, C. elegans,
and Drosophila, functional studies demonstrated that
Liprin-α is a determinant of synapse structure and elec-
trophysiology [4, 9, 10]. Biochemical studies suggested
that Liprin-α acts as a scaffolding protein for several
synaptic proteins [11]. However, the finding that mam-
malian Liprin-α associates with a Kinesin-3 family
member, Kif1A [5], raised the question of whether dur-
ing neuronal differentiation Liprin-α is directly involved
in axonal transport of synaptic components [7].*Correspondence: davie@hms.harvard.edu
2 Present address: Department of Biological Science, University of
Pittsburgh, Pittsburgh, Pennsylvania 15250.Disruption of Liprin-a leads to defects in synaptic
morphology and function similar to those observed in
kinesin mutants [1, 4, 9, 12]. A phenotypic hallmark of
defective axon transport is the accumulation of synap-
tic vesicles along the axon [2]. Therefore, we examined
the distribution of synaptotagmin (Syt), which is a com-
ponent of synaptic vesicle precursors (SVPs) [13]. In
wild-type Drosophila third-instar larva, wide-field fluo-
rescence microscopy revealed faint and evenly distrib-
uted Syt staining along the peripheral nerves [Figure
1A#]. However in Liprin-a mutants, abnormal punctate
Syt accumulations occurred along the axonal length
[Figure 1B#]. Similar accumulations were observed with
the independent marker green-fluorescent-protein (GFP)-
tagged synaptobrevin (nSyb-GFP [14]) under the motor
neuron GAL4 driver D42 [Figures 1C–1E]. These fully
penetrant axonal phenotypes were similar to those
found in mutants lacking the Drosophila Kinesin-1 fam-
ily member (Khc) [2].
Quantification of SVP marker distribution (see the
Supplemental Experimental Procedures available with
this article online) demonstrated a 10-fold increase of
endogenous Syt in Liprin-a mutant axons compared to
wild-type controls [Figure 1F] and a 4-fold increase in
the number nSyb-GFP puncta in Liprin-a mutant motor
axons in the peripheral nerves as compared to controls
[Figure 1G]. In contrast, we did not see abnormal distri-
butions of mitochondria or the microtubule-associated
protein Futsch/MAP1b in Liprin-a mutants (data not
shown). These findings suggested that Liprin-α is nec-
essary for efficient transport of SVPs.
Although axonal accumulation of Syt and nSyb-GFP
suggested transport disruption, alternative explana-
tions included the formation of ectopic synapses, fail-
ure in axon integrity, and disruptions of microtubules.
To investigate, we used serial-section electron micro-
scopy (EM). Comparing wild-type and Liprin-a mutant
peripheral nerves revealed accumulations of clear-core
vesicles in mutant axons [Figures 2A–2C], reminiscent
of Drosophila Kinesin-1 family Khc mutants [2]. These
vesicles resemble those associated with nSyb and Syn-
aptophysin in previous studies [7]. Quantification of
vesicle density showed that vesicles accumulate to
high numbers in mutant axons and that accumulations
are four times more likely to occur than in the wild-type
[Figures 2D, 2E, and 2F]. However, we found no ectopic
presynaptic specializations, breakdowns in the plasma
membrane, or obvious changes in microtubule density
or morphology [Figures 2A–2C]. These data support a
model in which Liprin-α is required for efficient axonal
membrane traffic.
To determine if disruption of Liprin-a decreases the
delivery of synaptic markers to the neuromuscular junc-
tion (NMJ), we examined the levels of nSyb-GFP and
the active-zone marker NC82 by using the neuronal
marker HRP as an internal control [15]. We found nSyb-
GFP (n = 46 NMJs from 12 control animals and 41 NMJs
from 11 Liprin-a mutants) and NC82 (n = 32 NMJs from
eight animals for controls and 24 NMJs from six ani-
mals for Liprin-a mutants) were significantly reduced by
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685Figure 1. Loss of Liprin-a Leads to Accumulations of Synaptic
Markers in the Axon
(A) A wild-type nerve stained with HRP and Syt is compared to (B)
a Liprin-a mutant axon. The scale bar represents approximately
8 m. (C) nSyb-GFP distribution in motor neurons of control larvae;
the scale bar represents 10 m. (D) Enlargement of inset from panel
(C). (E) nSyb-GFP distribution in motor neurons in Liprin-a mutants.
(F) Quantification of Syt distribution as a fraction of the total axon
volume is shown. Error bars show the standard deviation. (G) Quan-
tification of the number of nSyb-GFP accumulations; error bars
show the standard deviation (see Supplemental Experimental Pro-
cedures).20% to 29% both in mean levels and in maximum inten-
sity in Liprin-a motor terminals compared to controls
[Figure 3]. The comparable decrease in both the overall
intensity and the peak maximum intensity indicates that
the decrease in these protein levels is not simply due
to smaller synaptic boutons [4] but to a lower densityof synaptic proteins. The failure of Liprin-a NMJs to ac-
cumulate normal levels of nSyb-GFP and NC82 could
result from inefficient active-zone assembly or a disrup-
tion in the anterograde transport of these materials.
To directly test whether Liprin-α is required for nor-
mal transport of SVPs, we visualized the transport of
nSyb-GFP cargo along motor axons in intact third-
instar larva by using rapid-scan confocal microscopy
[Figures 4A–4H; see Supplemental Experimental Pro-
cedures and Movie S1]. To determine the flux of trans-
port, we measured cargo translocation in heterozygous
controls and Liprin-a homozygous larvae for a total
time of 88 min and counted the movement of a total of
1640 nSyb-GFP-positive puncta. For the data in panels
4I, 4J, and 4K, n = 8 animals for the controls and n =
13 animals for the Liprin-a homozygous conditions. The
results of this analysis reveal that loss of Liprin-a signif-
icantly decreases the flux of SVPs in the anterograde
direction, increases the flux in the retrograde direction,
but does not change the total flux [Figure 4I].
Previous studies have suggested coordination be-
tween anterograde and retrograde transport [16, 17]. To
understand how disruption of Liprin-a alters the bal-
ance of transport, we measured the number of transi-
tion events (stops, starts, and directional reversals for
anterograde and for retrograde cargos; in total, 602
events were counted) [Figure 4J]. For each group, the
relative probability of an event occurring was normal-
ized based on the levels observed in the control geno-
type. We found that loss of Liprin-a increased the
probability that a vesicle moving in the anterograde di-
rection would stop (A to S) by nearly 3-fold but had no
effect on the persistence of retrograde transport (R to
S) [Figure 4J]. In addition, we found that when vesicles
were moving in the anterograde direction or were
paused, they were significantly more likely to begin
moving in the retrograde direction (anterograde to ret-
rograde and stopped to retrograde) in Liprin-a mutants
(3.5-fold and nearly 2-fold, respectively) [Figure 4J].
This demonstrates that loss of Liprin-a disrupts antero-
grade traffic by decreasing the processivity of transport
and augments retrograde transport by increasing the
initiation of retrograde movement.
Synaptic-vesicle precursors are transported by multi-
ple kinesin family members that move with characteris-
tic velocities [7, 18, 19]. To test if decreases in antero-
grade processivity were due to disruption of a specific
kinesin, we measured the velocity of transport and
length of time in motion of approximately 6000 vesicles.
This analysis did not reveal any consistent alterations
in transport velocity profiles between the control and
Liprin-a groups [Figure 4K]. Instead, the effects on flux
[Figure 4I] appear to be due to broad changes that oc-
cur in the levels of transport as a result of decreases in
kinesin processivity and increases in the initiation of
retrograde transport [Figure 4J]. Although this does not
rule out a preferential effect on the transport of a sub-
class of kinesins, it suggests that Liprin-α may regulate
multiple types of anterograde motors.
Because Liprin-α promotes anterograde movement
and antagonizes retrograde movement, we wondered if
it might be part of a motor docking scaffold common to
kinesins and dynein. To test this, we used Liprin fusion-
protein pull-down assays and examined interactions
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686Figure 2. Vesicles Accumulate in Liprin-a Mutant Axons
(A) Serial ultrathin sections were examined for anomalous membrane structures, microtubule content, and vesicle clusters. Wild-type axon
cross-sections contain microtubules (arrowhead) and a small number of widely distributed clear-core vesicles or other intracellular mem-
brane structures.
(B and C) Liprin-a axons contain microtubules (arrowheads), and frequent large aggregations of clear-core vesicles. Mitochondria are denoted
by M. The scale bar represents 120 nm.
(D) Vesicle density in wild-type axons has slight variations comparable with light-level observations.
(E) The density of vesicles in a Liprin-a mutant axon display frequent peaks.
(F) Each section was also inspected for the presence of more than four contiguous vesicles (see Supplemental Experimental Procedures);
this criterion provides a conservative measure of vesicle aggregation. Liprin-a axons (n = 187) had an accumulation frequency that was nearly
four times that of wild-type axons (n = 144; χ2 = 2.2 × 10−10). The standard error of the mean is indicated for each bar in (F).with dynein and the Drosophila Kinesin-1 Khc (see Sup- w
iplemental Experimental Procedures). We failed to de-
tect an interaction between Liprin-α and dynein [Figure c
k4L] but found a robust and reproducible association be-
tween Kinesin-1 and Liprin-α [Figure 4L]. For controls, v
aGST alone and another member of the Liprin family
showed no interactions with Kinesin-1 in this assay t
t[Figure 4L]. The association between Kinesin-1 and Lip-
rin-α raises the question of the site of interaction. Pos- c
msibilities for direct interaction include a Kinesin-1 region
homologous to the Liprin-α binding site on Kif1a [3, 5], e
ras well as the myosin V binding domain on Kinesin-1
[20] because there is homology between Liprin-αs and d
tmyosins [21]. Of course, the interaction may also be
mediated indirectly through additional components k
tsuch as kinesin light chain and/or novel sites on Kine-
sin-1. The ability of Liprin-α to associate with Kinesin-1 a
tsuggests that Liprin-α’s role in anterograde transport
is direct.
aThree prominent models have been proposed to ex-
plain the regulation of bidirectional transport: (1) a sub- t
tstitution model in which only one set of motors is pre-
sent on the cargo at a given time, (2) a tug-of-war model t
ain which both anterograde and retrograde motors are
bound and always active but differ in their number on s
mthe cargo, and (3) a coordinate-regulation model inhich both sets of motors are bound but one group is
nactive [16, 17]. The observations that dynein is asso-
iated with anterograde transported cargos [22] and
inesin is associated with retrogradely transported
esicles containing synaptic components [23] argue
gainst the substitution model of transport for SVPs. If
he tug-of-war model were correct, then the shift in flux
hat we observe in Liprin-α mutants [Figure 4I] would
orrespond to a change in the number of bound active
otors and a skewing of the velocity profile [24]. How-
ver, because no such shift is observed [Figure 4K], our
esults are most consistent with a model in which coor-
inate regulation mediated through Liprin-α modulates
ransport [16, 17]. Because Liprin-α interacts with
inesins but not dynein [Figure 4L], our data suggest
hat Liprin-α directly promotes kinesin activity or cargo-
ssociation [25], which then leads to dynein inhibition
hrough some additional component(s).
In light of the observations that disruption of kinesin
lters the morphology and electrophysiological proper-
ies of synapses [1, 2, 12], our observations suggest
hat the synaptic defects seen in mutants of LAR and
he Anaphase Promoting Complex [4, 6] may be medi-
ted in part by Liprin-α’s role in axonal transport. As a
caffolding protein with multiple known partners and
otors [11], Liprin-α is in an ideal position for integ-
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687Figure 3. Liprin-a Is Required for Efficient Accumulation of Markers at the Synapse
(A) Distribution of nSyb-GFP compared to the internal control HRP at the NMJ in Liprin-a heterozygous third-instar larvae and (B) Liprin-a
mutants. (C) Distribution of NC82 at NMJs in Liprin-a heterozygous third-instar larvae and (D) Liprin-a mutants. The intensity, but not the
overall pattern of staining, is altered. The scale bar represents 10 m. (E) The average levels and maximum intensity of staining of both
markers is significantly reduced, as determined by a two-tailed t test (see Supplemental Experimental Procedures). The standard deviations
are indicated for each bar.rating and transducing information to regulate the de-
livery of cargoes to and from the synapse.
Supplemental Data
Supplemental Experimental Procedures and a movie are available
with this article online at http://www.current-biology.com/cgi/content/
full/15/7/684/DC1/.
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(L) GST fusion constructs of Drosophila Liprin-α, Liprin-β, or the GST moiety alone were used in pull-down assays from embryo extracts.
Kinesin was detected with an affinity-purified rabbit α-Drosophila Kinesin-1 heavy chain antibody, and dynein was detected with a mouse
α-dynein heavy chain antibody.
Liprin-α Modulates Axonal Transport
68912. Hurd, D.D., Stern, M., and Saxton, W.M. (1996). Mutation of the
axonal transport motor kinesin enhances paralytic and sup-
presses Shaker in Drosophila. Genetics 142, 195–204.
13. Okada, Y., Yamazaki, H., Sekine-Aizawa, Y., and Hirokawa, N.
(1995). The neuron-specific kinesin superfamily protein KIF1A
is a unique monomeric motor for anterograde axonal transport
of synaptic vesicle precursors. Cell 81, 769–780.
14. Estes, P.S., Ho, G.L., Narayanan, R., and Ramaswami, M.
(2000). Synaptic localization and restricted diffusion of a Dro-
sophila neuronal synaptobrevin–green fluorescent protein chi-
mera in vivo. J. Neurogenet. 13, 233–255.
15. Laissue, P.P., Reiter, C., Hiesinger, P.R., Halter, S., Fischbach,
K.F., and Stocker, R.F. (1999). Three-dimensional reconstruc-
tion of the antennal lobe in Drosophila melanogaster. J. Comp.
Neurol. 405, 543–552.
16. Welte, M.A. (2004). Bidirectional transport along microtubules.
Curr. Biol. 14, R525–R537.
17. Gross, S.P. (2004). Hither and yon: A review of bi-directional
microtubule-based transport. Phys. Biol. 1, R1–R11.
18. Zahn, T.R., Angleson, J.K., MacMorris, M.A., Domke, E., Hut-
ton, J.F., Schwartz, C., and Hutton, J.C. (2004). Dense core ves-
icle dynamics in Caenorhabditis elegans neurons and the role
of kinesin UNC-104. Traffic 5, 544–559.
19. Nakata, T., Terada, S., and Hirokawa, N. (1998). Visualization of
the dynamics of synaptic vesicle and plasma membrane pro-
teins in living axons. J. Cell Biol. 140, 659–674.
20. Huang, J.D., Brady, S.T., Richards, B.W., Stenolen, D., Resau,
J.H., Copeland, N.G., and Jenkins, N.A. (1999). Direct interac-
tion of microtubule- and actin-based transport motors. Nature
397, 267–270.
21. Serra-Pages, C., Kedersha, N.L., Fazikas, L., Medley, Q., De-
bant, A., and Streuli, M. (1995). The LAR transmembrane pro-
tein tyrosine phosphatase and a coiled-coil LAR-interacting
protein co-localize at focal adhesions. EMBO J. 14, 2827–2838.
22. Hirokawa, N., Sato-Yoshitake, R., Yoshida, T., and Kawashima,
T. (1990). Brain dynein (MAP1C) localizes on both antero-
gradely and retrogradely transported membranous organelles
in vivo. J. Cell Biol. 111, 1027–1037.
23. Koushika, S.P., Schaefer, A.M., Vincent, R., Willis, J.H., Bower-
man, B., and Nonet, M.L. (2004). Mutations in Caenorhabditis
elegans cytoplasmic dynein components reveal specificity of
neuronal retrograde cargo. J. Neurosci. 24, 3907–3916.
24. Hill, D.B., Plaza, M.J., Bonin, K., and Holzwarth, G. (2004). Fast
vesicle transport in PC12 neurites: velocities and forces. Eur.
Biophys. J. 33, 623–632.
25. Lee, J.R., Shin, H., Choi, J., Ko, J., Kim, S., Lee, H.W., Kim, K.,
Rho, S.H., Lee, J.H., Song, H.E., et al. (2004). An intramolecular
interaction between the FHA domain and a coiled coil nega-
tively regulates the kinesin motor KIF1A. EMBO J. 23, 1506–
1515.
